A mixed.mode solid-phase extraction procedure was developed for the isolation and purification of acidic compounds from complex biological matrices. Urine samples were spiked with several acidic drugs and diluted in ammonium acetate buffer. Isolute HAX columns (a mixed-mode phase consisting of both hydrophobic and ion-exchange ligands) were conditioned with methanol and ammonium acetate prior to sample loading. Once the samples were loaded, the cartridges were rinsed sequentially with ammonium acetate and a 50:50 ratio of methanol and deionized water. The analytes were eluted with an 80:20 ratio of methanol and acetic acid. The eluates were evaporated to dryness and reconstituted to a final volume with a 98:2:0.1 ratio of deionized water, acetonitrile, and trifluoroacetic acid. Samples were analyzed by high-performance liquid chromatography. The absolute recoveries for most of the tested acidic drugs exceeded 80% at an original concentration of 1 I.tg/mL Hydrophobic and ion-exchange sorbents were also investigated separately; however, the retention of the analytes suffered during sample application as well as the purity of the eluted extract. Results on anion-exchange columns show that the correct choice of counter-ion is extremely important to the retention of acidic analytes. The highest absolute recoveries were obtained when acetate was the counter-anion on the ion-exchange sorbent.
Introduction
The separation, identification, and quantitative analysis of aromatic carboxylic acids are necessary because of their importance as non-steroidal anti-inflammatory drugs and metabolites of numerous drugs and toxic substances (1) (2) (3) . Extraction (isolation) plays a very important role in toxicolog-* The paper was presented in part at the 2000 Society of Forensic Toxicologists annual meeting, Milwaukee, Wl. * Author to whom correspondence should be addressed.
ical analysis because in most cases the actual determination of the carboxylic acids cannot be carried out before isolating the compounds of interest from their complex matrix. A powerful tool utilized in separations science and widely accepted in clinical and forensic toxicology for the extraction of acidic compounds is solid-phase extraction (SPE) (4) (5) (6) . In many SPE procedures, acidic analyte extractions are effected by acidifying the sample and processing them as neutrals (7) (8) (9) . In other words, a purely non-polar retention mechanism is exploited using a hydrophobic SPE sorbent such as butyl, octyl, or octyldecyl modified surfaces. Many times this approach works, but in some cases the molecules are too polar, and hydrophobic interactions are not sufficient enough to retain the analyte. An alternative approach is to ionize the acids and extract via a pure ion-exchange mechanism using a strong anionexchange sorbent such as a trimethylaminopropyl (9) . A limitation with pure ion-exchange is that incomplete adsorption of the analyte on the anion exchanger may occur resulting in loss of analyte. An additional restriction with both the ion-exchange and hydrophobic methods is lack of sensitivity, as extracts may contain large amounts of co-extracted material, which can interfere with the subsequent analysis.
Because the selectivity for ionizable analytes is increased by ion-exchange sorbents, and the compounds have different degrees of hydrophobicity, mixed-mode hydrophobic/ionexchange retention mechanism can be exploited using a single SPE sorbent. For acidic compounds, most of the literature focuses on using a cation-exchanger blended with an octyl phase to extract acidic compounds (10) (11) (12) . The acidic compounds are treated as neutral species by adjusting the pH; therefore, the result is similar to that obtained by the hydrophobic method.
The purpose of this research was to develop a generic approach for isolating and purifying acidic compounds from complex matrices using mixed-mode SPE sorbents containing both hydrophobic and anion exchange functional groups. The study further addresses several factors that influence retention and recovery of acidic analytes, including the pH, ionic strength, and the counter-ion present on the ion-exchanger.
Materials and Methods

Materials
The analytes chosen for this study are readily available without restrictions and their structures and predicted pKas (predicted by pKalc, Pallas 32 Chemical Software Series Ltd., San Francisco, CA) are shown in Figure 1 .
Sulindac (Sul), ketoprofen (Ket), flurbiprofen (Flu), and ibuprofen (Ibu) were purchased from Sigma-Aldrich (St. Louis, MO) and were used without further purification. Standard stock solutions for each of the analytes were prepared at a concentration of 100 ~g/mL in methanol. A standard mixture of the analytes was further prepared by diluting the appropriate amounts to a final concentration of 1 ~tg/mL in methanol. Before analysis on the high-performance liquid chromatograph (HPLC), standards were blown down and reconstituted in the HPLC mobile phase. Urine was prepared from urinary metabolite lyophilizate obtained from SigmaAldrich by dissolving in ammonium acetate (50mM, pH 7). Stock solutions for each of the analytes were also prepared at a concentration of 100 ~tg/mL in ammonium acetate (50raM, pH 7). The appropriate aliquot was spiked into human urine to obtain the desired concentration of 1 I.tg/mL.
Isolute | SPE extractions columns (C8, SAX, and HAX, 100 mg, 3-mL reservoir) were supplied by International Sorbent Technology (Hengoed, U.K.). The samples were processed through the SPE columns using an Isolute VacMaster 10 SPE processing station. Acetonitrile and methanol were Burdick and Jackson HPLC-grade solvents purchased from VWR Scientific Products (West Chester, PA). Ammonium acetate, ammonium citrate, ammonium dihydrogen phosphate, ammonium sulfate, ammonium hydroxide, ammonium formate, sodium propionate, maleic acid, ammonium nitrate, and sodium bicarbonate were purchased from Sigma-Aldrich or Mallinckrodt Chemical Works (St. Louis, MO) and used as received. Ammonium salt solutions of the above counteranions were prepared at a concentration of 0.1M with the pH adjusted to 7-8.5 using ammonium hydroxide or acetic acid.
Extraction procedure
Two SPE methods (A and B) were performed for the studies. Each is summarized here. Method A investigated the extraction efficiency of the different types of interactions. Method B evaluated the selectivity difference with the choice of counter-ion.
MethodA. The extraction of Sul, Ket, Flu, and Ibu was performed using Isolute C8, SAX, and HAX columns, which were installed on an Isolute VacMaster 10 manifold. An overview of the extraction procedure is shown in Figure 2 . Urine samples were prepared by diluting with ammonium acetate (pH 7, 50raM). The SPE columns were sequentially conditioned with 1 mL methanol and 1 mL ammonium acetate (pH 7, 50mM). Prepared urine samples (1 mL) were allowed to drip through the cartridges by gravity (with a flow rate of about 1 mL/min).
After loading the sample, the cartridges were washed with I mL ammonium acetate (pH 7, 50raM), followed by a wash with 1 mL methanol/deionized water (50:50). The columns were dried under maximum vacuum for 2 rain prior to elution with 1 mL of a mixture of methanol and acetic acid (98:2). The eluates were evaporated to dryness in glass test tubes (at 40~ under a stream of nitrogen. The dry residues were reconstituted in 1 mL mixture containing deionized water, acetonitrile, and trifluoroacetic acid (98:2:0.1) and vortex mixed using a Fisher Vortex Genie 2. The samples were analyzed by HPLC.
PlethodB. The procedure utilized for the counter-ion study was performed using Isolute SAX cartridges installed on an Isolute VacMaster 10 manifold. Instead of urine samples, a sample stock solution containing Sul, Ket, Flu, and Ibu each at a concentration of 1.0 pg/mL in ammonium acetate (pH 7, 50raM) was prepared. Cartridges were sequentially conditioned with 1 mL methanol and I mL deionized water, followed by condi- Table I) . The sorbents were then rinsed with an additional 6-mL aliquot of deionized water. After the samples (1 mL) were loaded, the column was rinsed with 1 mL methanol and dried under maximum vacuum for 2 rain prior to elution with 1 mL mixture of methanol and acetic acid (98:2). The eluates were evaporated to dryness in glass test tubes (at 40~ under a stream of nitrogen. The dry residues were reconstituted in a 1-mL mixture of deionized water, acetonitrile, and trifluoroacetic acid (98:2:0.1) and vortex mixed. The samples were analyzed by HPLC. 
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Instrumentation
HPLC analysis was performed in the Mass Spectrometry/Protein Sequencing Facility at the University of Arizona (Tucson, AZ). All extracts were analyzed using a Magic2002 Microbore HPLC system from Michrom BioResources, Inc. (Auburn, CA). Separation was achieved using a Magic C18 1.0-mm x 150-mm i.d. with 5-~m particle size column. The flow rate was set to 50 ~L/min, and the column temperature was maintained at 40~ Two solvent blends were used, each containing different ratios of acetonitrile, deionized water, and trifiuoroacetic acid (solvent A with a ratio of 2:98:0.1 and solvent B with a ratio of 90:10:0.1). Gradient elution began with the mobile phase at 5% B and 95% A. The percentage of B was increased to 46% over 16 min and held for 9 rain for a total run time of 25 rain. An 8-min re-equilibration time between injections increased the total analysis time to 35 min per sample. Compounds were detected using a UV-vis dual wavelength detector set to monitor both the 214-nm and 280-nm wavelengths. All quantitation was performed using the 214-nm detection wavelength.
Results and Discussion
Method A: results on HAX, SAX, and C8
Following Method A, results were obtained for the extraction of Sul, Ket, Flu, and Ibu on HAX, SAX, and C8 SPE sorbents (Table II) . When the extraction was performed using the mixedmode HAX sorbent, the highest absolute recovery for each of the analytes was obtained. The mixed-mode approach to the extraction of acidic analytes exploits two different surface interactions: reversed-phase and anion-exchange. Because urine contains high concentrations of salts and organic compounds, problems with interferences may occur when only one mode of retention is exploited. Mixed-mode sorbents allow the means of isolation to be changed such that the drug is held by one mode, in this case, hydrophobically, while the interferences are not held but are removed with the sample matrix. Then, the other mode of interaction, anion-exchange, is used to retain the drug and the remaining interferences are eluted from the sample during the wash step. Finally, the drug is eluted from the SPE column. The result is a cleaner extract and HPLC chromatogram, as the interference peaks are significantly reduced when the mixed-mode sorbent is used (see Figure 3A) .
For these experiments, using the C8 sorbent resulted in no recovery of the analytes at all, indicating that they were not retained efficiently on the column. Because the C8 chain is hydrophobic in nature, only a non-polar retention mechanism can be exploited to isolate the acidic analytes. The hydrophobic interactions between the sorbent and the analytes are interrupted during the methanol/deionized water rinse step, resulting in loss of the analytes (see Figure 3B for the HPLC chromatogram).
Alternatively, using an Isolute SAX sorbent gave intermediate recoveries between that of C8 and HAX. This shows that mainly ionic retention is not sufficient enough to isolate the acidic analytes. On the other hand, the intermediate recoveries indicate that ion-exchange does play a significant role in the extraction process (see Figure 3C for the HPLC chromatogram).
Factors affecting retention: pH, ionic strength, and counter-anion
There are several factors to be considered when using pure anion-exchange and mixed-mode SPE to isolate acidic compounds. One of the most important factors is the pH of the sample matrix, assuming moderate ionic strength (see Discussion). Because mixed-mode SPE involves ion-exchange, the analytes must be in their charged, anionic state in order for ionic retention to occur. The pKas of the analytes fall between the range of 3.5 and 5, therefore adjusting the pH to practically 7 ensures complete ionization.
Along with the pH is the effect of ionic strength. The ionic strength is important because with increasing ionic strength, (6) 16 (12) * n = 3 for all data.
the competition between anions is increased. Although the ionic strength of urine is typically between 300 to 900 mOsm/kg for a healthy individual (13) , the sample dilution and aqueous rinse step in Method A ensures that many of the competing anions are effectively rinsed away (i.e. decreasing the ionic strength of the matrix).
A final consideration when exploiting ionic retention is the choice of a counter-ion. Strong anion-exchange sorbents conraining a quaternary amine group with a permanent positive charge must have a counter-ion present to balance that charge. Because of the manufacturing process of such anion-exchangers, chloride ion is the inherent counter-ion. Using Method B and SAX columns, several different counter-anions were investigated (Table I ) in order to determine the effect they have on the recovery of each of the analytes of interest. A general counter-anion selectivity graph was established to show that different counter-ions have different affinities for the positively charged group (Figure 4) . Acetate provides the highest absolute recovery for each of the analytes, whereas citrate as the counter-ion provides the lowest absolute recoveries. Lower recovery of the analyte indicates the counter-ion is more difficult to displace from the surface, that is, the counter-anion is more strongly bound to the surface than the analyte. Higher recovery of the analytes indicates more effective displacement of the counter-anion by the analyte. A noticeable trend was observed among acetate, maleate, and citrate, which contain one, two, and three carboxy groups, respectively (Table III) . Acetate consistently led to high absolute recoveries, whereas citrate led to the lowest absolute recoveries. The absolute recoveries obtained with maleate fell in between those obtained with acetate and citrate. A plausible explanation for this trend is that maleate and citrate are multiply bound to the surface making displacement by the analyte more difficult, that is, an increase in enthalpy. This explanation requires the geometry of the surface to match that of the counter-ion. An alternative explanation is that as one of the carboxy groups is leaving the surface, another group becomes ionically bound to the surface, again making displacement less favorable. In this case, there is an increase in entropy.
Conclusions
This paper reports a method for the isolation and purification of acidic compounds using mixed-mode SPE columns. Isolute HAX columns containing both hydrophobic (C8) and ion-exchange (SAX) functional groups provided high absolute percent recoveries (> 80%) for most of the studied analytes. Retention on the ionic sites allows a rigorous interference removal regime, leading to very clean final extracts, as many non-polar interferences (retained by hydrophobic interaction alone) can be selectivity removed during the wash step prior to eluting the analyte of interest.
In order to extract acidic analytes efficiently, the pH of the sample matrix must be adjusted so that complete ionization of the analytes occurs. Also of consideration is the ionic strength of the matrix, as competition between anions can interfere with the extraction process. Finally, the correct choice of counter-ion largely impacts the retention of acidic analytes on anion-exchange sorbents. Acetate is the counter-ion of choice as it is easily displaced from the sorbent and leads to high absolute percent recoveries of the analytes of interest.
